Mammalian genes, when inserted into bacterial plasmid or phage DNAs, will not be expressed into the corresponding specific proteins in £. coli unless proper initiation signals required for recognition by E^. coli ribosomes are provided. We have studied these signals and chemically synthesized two DNA duplexes each containing different initiation signals. These have been inserted in front of the Simian virus 40 (SV40) small tumor antigen gene (SV40 t gene) at varying distances from the ATG initiation codon prior to its cloning into pBR322 plasmid DNA. Plasmid containing clones carrying either of these two synthetic ribosome binding sites (RBS) at varying distances from the SV40 t gene all produced a 17K protein identical to authentic t antigen by immunologic, electrophoretic and proteolytic digestion analyses. This provides a novel method to ensure the specific expression of any contiguous mammalian gene to be cloned into bacteria, and also a unique ij^ vivo method for studying the structure-function (efficiency) relationship of RBS with specific base changes.
INTRODUCTION
The study of the mechanisms of control in gene expression and especially those in the initiation processes of transcription and translation, has been one of the main thrusts of molecular biology. The recent advances in the technology of molecular cloning and the desire to develop expression vectors allowing efficient production of biologically or clinically important mammalian proteins in bacteria carrying the appropriate mammalian gene insert has further intensified research in this area. ,
The exact nature of the promoter required for recognition by E_. coli RNA polymerase to properly initiate RNA synthesis is thus far not fully defined, apart from the two more or less conserved TATAAT and TTGACA sequences located around the -10 and -35 regions. Foreign DNA when appropriately inserted into bacterial cloning vectors will be faithfully transcribed into mRNA sequences. However early attempts in translation resulted in the production of hybrid protein products and failed to produce specific mammalian proteins. The most likely explanation is that eukaryotic mRNA contains quite different signals (5) and thus lacks the appropriate initiation signals for recognition by prokaryotic ribosomes (6) .
In order to ensure the proper initiation of translation of a mammalian gene 
MATERIALS AND METHODS
The four deoxyribonucleosides were purchased from Calbiochem and checked by HPLC before use. The four fully protected deoxyribonucleotides were prepared according to published procedures (11, 12) . Restriction enzymes, Exonuclease III, SI nuclease, DNA ligase and polynucleotide kinase were purchased from Bethesda
Research Laboratories. SV40 DNA and pBR322 plasmid DNA were prepared according to published procedures (13, 14) .
Synthesis of oligodeoxyribonucleotides -The synthesis of the oligodeoxyribonucleotides was carried out using the 'Triester Method' (15, 16 ) with a mixture of triisopropylbenzenesulfonyl chloride (TPSC1) and lH-tetrazole as condensing reagent (16) . The isolated yields of each step ranged between 60-90% and the products were purified by preparative TLC using 10% methanol in chloroform as solvent.
Purification of the final product -The final products were purified on silica gel TLC. The material was then treated with concentrated ammonium hydroxide in a sealed tube for 4 hours at room temperature followed by another 4 hours treatment at 50°. The tritylated material was purified on silica gel TLC using a mixture of isopropanol:NH 0H:H20 in the ratio of 55:10:35 as the developing solvent. The tritylated compound, present as the major band, was extracted using 2M ammonium hydroxide. After lyophilization, detritylation was performed by treatment with 80% acetic acid (0.5 ml) at 4° for 20 minutes. The acetic acid was removed by evaporation under reduced pressure. The fully deblocked product was then applied to a G50 sephadex (0.6 x 90 cm) column and eluted with a 10 mM triethylammonium bicarbonate solution. The first peak which usually contained more than 80% of the total applied material contained pure product. Purity was demonstrated by gel electrophoresis analysis after 5'-labeling using [ 32 P]yATP and T4 polynucleotide kinase.
Characterization of the synthetic oligomers -The oligomers were characterized using the 'wandering spot' technique (17, 18) according to published procedures (18, 19) and the 'Maxam and Gilbert' base-specific chemical cleavage method (20) which was modified to allow suitable cleavage of small oligomers. G cleavage: nucleotides from the terminus at the A-C junction of the fragment (21, 22) . In order to attach the synthetic RBS at varying distances from the ATG codon, the termini of the SV40-Hind A fragment were randomized by treatment with Exonuclease III followed by SI nuclease (23, 24) to remove 1 to 12 nucleotides from each end. The partially hydrolyzed SV40-Hind A band was isolated after separation on a 4%
polyacrylamide gel. The controlled activities of the ExoIII and SI hydrolysis were assayed by a simple method (unpublished).
The ligation of DNA fragments and the transformations of the E_. coli LE 392 using the recombinant plasmids were performed as previously described (10) . The characterization of the SV40 t antigen produced by the transformants and the sequence analysis of the producer clones around the RBS and the SV40 t gene insert was carried out as previously described (11). When the 12/20 RBS duplex was attached to the front of the SV40-Hind A fragment and the resulting 'translational unit' was inserted into pBR322 DNA and cloned into £. coli LE 392, none of the ampicillin sensitive clones analyzed produced detectable amounts of t antigen. It was assumed that this was because the initiation signals in the synthetic RBS were too far away from the AUG initiation codon.
The SV40-Hind A fragment was thus first treated with ExoIII nuclease to remove 1-8 nucleotides from the 3' ends of both strands followed by removal of the single stranded regions by SI nuclease to give a mixture of even ended fragments. This resulted in randomizing as well as shortening the distance between the ATG initia- Construction of recombinant plasmids -The construction of the recombinant plasraids was carried out using a novel strategy to give highly specific ligation reactions. The top 11-mer strand of the 11/15 RBS duplex was first ligated to the even ended SV40 fragment (step a) in Figure 4 using the 11/15 duplex which was hydroxylated on the 5' ends of both strands. Using a 50 fold excess of the 11/15 Fig. 3 . Sequence analysis of the TAAGGAGGAGT undecamer for the upper strand in (a) and the ACTCCTCCTTATGCA pentadecamer for the lower strand in (b) of the 11/15 RBS duplex. It should be noted that the hydrazine cleavages in (b) gave significant amounts of nonspecific cleavage products. These cleavages were carried out without the addition of acetylacetone after the first precipitation step as described in the Methods section. It thus appears that the complete removal of trace amounts of hydrazine by reaction with acetylacetone prior to heating at 85° with piperidine gives improved results. j" After removal of the excess oligomers, by purification on polyacrylamide gel, and phosphorylation of the 5' termini using T4 polynucleotide kinase, the two fragments were annealed and ligated (step e) to give the two recombinant plasmids, pt + and pt". pt + , in which the SV40 t gene is oriented colinearly with the B-lactamase gene, is expected to express t antigen, pt", in which the t gene is oppositely oriented to the 0-lactamase gene, will not give the correct coding mRNA sequence when transcribed from the B-lactamase promoter. Consequently it is not expected to express t antigen. Since the two strands of the RBS are not palindromic, no intraligation occurred resulting in very specific ligation between the pBR322 containing and SV40 containing fragments. The 16/20 duplex was similarly ligated as was previously described (10).
Screening of recombinant clones and detection of producer clones -After transformation of E_. coli LE 392, the tetracycline resistant and ampicillin sensitive clones (Tc r Ap S ) were selected for further screening for the presence of SV40 specific sequences by hybridization with 32 P-labeled SV40 DNA. More than 90% of r s the Tc Ap clones contained SV40 sequences and, as expected, about half (42% for the 16/20 duplex and 45% for the 11/15 duplex) expressed detectable amounts of t antigen. The characterization of the t antigen product has been previously described (10) . There was at least a 10 fold difference between the high producer and the low producer clones.
Sequence analysis of the recombinant DNA -The RBS-SV40 insert lies within the J fragment of the pBR322-Hpa II cleavage map and contains a single Taq I site. Digestion of the DNA from each of the clones with Hpa II enzyme produced a 1300 base pair fragment that contained the entire RBS-SV40 insert with the RBS located 53 nucleotides from one terminus. The fragment from each 16/20 producer clone was terminally labeled using [y-32 P]ATP and T4 polynucleotide kinase and cleaved with Taq I enzyme to generate two fragments. The smaller fragment (about 496 base pairs) was isolated from a polyacrylamide gel and sequenced using the 'Maxam and Gilbert' technique. The sequence at the region of insertion for one of these clones is shown in Figure 5 . Those clones that have from one to two nucleotides removed from the SV40 sequence produced much lower quantities of t antigen as compared to those that have three or four nucleotides removed. The t antigen producers identified thus far for the 16/20 duplex containing clones are summarized in Figure 6 .
Since the expected sequences except the few nucleotides between the RBS and the ATG initiation codon for the t gene in the SV40 fragment of the DNA clones are More extensive studies to compare the efficiency of each class for both RBS containing clones in producing t antigen is being carried out in both \x± vivo and in cell-free transcription-translation coupled systems.
DISCUSSION
Using the gene that codes for the SV40 small tumor (t) antigen as a model, we have developed a novel method for the expression of mammalian genes in bacteria.
One other procedure that will allow specific expression of eukaryotic gene products in bacteria free of bacterial sequences makes use of an E^. coli DNA fragment which bears the promoter and the S/D sequence of the lac operon (24) . In our approach, short DNA duplexes which contain certain initiation signals which are believed to be required for recognition by E_. coli ribosomes to initiate translation (6) are chemically synthesized and appropriately attached in front of the eukaryotic gene before its insertion into bacterial cloning vectors. This provides proper signals which the eukaryotic gene lacks to guarantee specific translation at the proper initiation AUG codon. The two synthetic RBS duplexes which have been synthesized and attached in front of the SV40 t gene directed the efficient expression of the SV40 t antigen when cloned into pBR322 in E_. coli. This provides a general method for the expression of any contiguous mammalian gene in E. coli and an in vivo system for studying the structure-function relationship of RBS containing different combination of initiation signals. In the results of our studies there is strong support that only the initiation codon and the region of 1-15 nucleotides upstream from it are essential to initiate protein synthesis in natural bacterial messenger RNA. The importance of the location of each set of the RBS sequence relative to the translation initiation codon is also confirmed (24, 25) . Further, our results using the two RBS suggest that the presence of a RRUUURR sequence enhances the efficiency of the site to initiate protein synthesis. None of the 11/15 RBS containing clones that lack the equivalent RRUUURR signal when compared to the 16/20 RBS containing clones produced as much SV40 t antigen in preliminary studies. More vigorous studies are presently being carried out in both ill vivo and in cell-free systems to more critically evaluate the efficiency of these two RBS to initiate translation. It is hoped that by these studies a better understanding of the molecular mechanism for the control of translation in bacteria may be gained and the most efficient system for the expression of biochemically and clinically important proteins in I;, coli is achieved.
